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VELOCITY REQUIREMENTS FOR MARS STOPOVER/VENUS
SWINGBY MISSIONS IN 1981

By Joseph R, Thibodeau III
1.0 SUMMARY AND INTRODUCTION

Launch dates, flight times, and impulsive AV requirements are pre-
sented for minimum sum AV Mars stopover missions with Venus swingbys.
Minimum sum AV mission plans are presented for the Earth departure oppor-
tunity in late 1981 and early 1982, Orbital staytimes at Mars of 20 days,
30 days, 40 days, 60 days, and 80 days are considered. The AV costs for
the spacecraft capture and escape maneuvers at Mars are calculated by
considering the plane changes and flight-path angle corrections that may
be required. Perturbations of the parking orbit caused by the oblateness
of the gravitational field of Mars are used to minimize the required plane
changes and flight-path angle corrections. The orbital elements of the
parking orbits at Mars are presented.

2.0 DISCUSSION

The 1981 Mars stopover Venus swingby mission consists of a direct
interplanetary transfer from Earth to Mars, a short orbital stopover at
Mars, and a return transfer from Mars to Earth which is also a free fly-
by of Venus. This mission is illustrated in figure 1.

The direct transfer from Earth to Mars can have either a type I
(heliocentric transfer angle < 180°) or a type II (heliocentric transfer
angle > 180°) trajectory. Both transfer trajectories have the same
arrival dates at Mars; however, the Earth departure dates are separated
by 40 to 60 days which gives rise to two separate Earth departure oppor-
tunities, one in November of 1981 and the other in January of 1982.

The return trajectory from Mars to Earth is also a free flyby of
Venus. The flyby altitude at Venus is constrained to be between
500 n, mi, and 10 000 n, mi. above the planet's surface. The periapsis
velocities of the Venus approach and departure trajectories are matched
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to within a +10-fps tolerance. The trajectory from Mars to Venus is
type I; the Venus-Earth trajectory is type II. This description pertains
to the category 3 Mars stopover/Venus swingby mission described by Deer-
wester in reference 1.
The Earth entry velocities for these missions are nearly constant
at 40 000 fps for an entry altitude of 400 000 feet. ‘
The Earth departure velocity requirements vary from a minumum of
11 700 fps to a maximum of 12 TOO fps. The‘l2 TOO-fps value was used
as a constraint for Earth departure AV in the mission selection and
optimization program, In regions of the mission launch window where the
Earth departure AV is below this value, the optimization criterion is
minimum sum AV, In regions of the window where the Earth departure AV
is above this value, the optimization criterion is minimum sum AV subject
to the constraint that the Earth departure AV is equal to or less than
12 700 fps. Mission plans with lower total AV requirements could be
found if the Earth departure constraint were relaxed. Such mission plans

would have higher injection velocities, but the spacecraft velocity
requirements would be lower.

The magnitude of the spacecraft velocity requirements at Mars, and
particularly at Mar's departure, is controlled predominantly by the length
of the orbital staytime at Mars. For staytimes between 20 and 80 days,
the Mars departure AV increases as the staytime is increased. In this ‘
report, orbital staytimes of 20, 30, 40, 60, and 80 days are considered.
The staytime is varied to illustrate the effect of the staytime on the
velocity requirements for Earth departure and on the spacecraft velocity
requirements at Mars.

The spacecraft velocity requirements at Mars are represented by
both scalar and vector computations of the AV for the capture and escape
maneuvers. The scalar AV's represent the minimum capture and escape
velocities required for a spacecraft in a fixed 200- by 10 000-n. mi.
altitude parking orbit at Mars. These scalar AV's are calculated assuming
the parking orbit is ideally alined with the approach and departure
asymptotes. They do not include AV costs to account for possible misaline-
ments of the parking orbit. Thus, they may yield unrealistically low
estimates of the actual AV costs.

In contrast, the computations of the vector AV's do include possible
plane change requirements. The method of computation of these AV's is
presented in reference 2. This method, which uses the oblateness of ‘
Mars gravitational field to rotate the parking orbit, yields AV's which
more accurately reflect the cost of the actual AV; at the same time, it
establishes an upper bound for the plane change requirements at Mars.




The vector AV's are generally higher for the shorter staytimes
because the apoapsis altitude is adjusted to a value below 10 000 n. mi.

.to minimize AV costs for parking orbit alinement. Therefore, they are

calculated for a lower energy parking orbit. Thus, for the short stay-
times, the vector AV's may become unreasonable high when very low energy
orbits must be used.

For the 80-day Mars stopover, this method results in AV's 5 percent
to 6 percent greater than the scalar values. The method will be discussed
in more detail in section 3.

The scalar and vector AV curves together define a AV design envelope
for the capture and escape maneuvers at Mars. Although the optimum flight
plan for these maneuvers is not known, it must result in AV's which lie
within the bounds of the envelope.

3.0 PROCEDURE AND ANALYSIS

Optimization and analysis of any mission plan requires prior know-
ledge of the existence and gross characteristics of the mission to be
investigated. Accordingly, for the Venus swingby mission to Mars, the
initial estimates and flight times were provided by reference 1.

The analysis is a two;step process beginning with the initial esti-
mates for the launch date and flight times. Both steps are phases of the
operation of a computer program.

In step one, the weighted least squares technique is used to find
minimum sum AV mission plans subject to various constraints on the
dependent and independent variables. This technique is discussed in
reference 3. The result of this step is the calculation of a reference
trajectory or nominal mission. The nominal mission represents the best
mission that can be found and, therefore, is the optimum mission plan
subject to all the constraints on the dependent and independent variables.

The second step is the production of the velocity requirements and
flight plans for the Earth orbital launch window. The flight times and
orbital staytime of the optimum mission determined in step 1 are used as
the initial estimates to re-optimize the mission for a new launch date
which is then held fixed. The launch date is incremented at 5-day inter-
vals over a 50-day period centered to include 25 days on each side of the
launch date of the optimum mission. In this step then, the mission is
re-optimized for each new launch date so that the best possible mission,
subject to the constraints, is found for each new launch date.



The computation of the possible parking orbits at Mars and fhe fly-
by trajectory parameters at Venus are part of the computer program output.
module. The spacecraft vector AV costs are calculated after the optimum
mission plan is selected. Thus, there remains a distinct possibility
that the vector AV requirements can be reduced by modeling them during
the mission selection process, particularly for the very short staytimes.

3.1 The Parking Orbit at Mars

The parking-orbits\at Mars and the spacecraft vector AV's are deter-
mined by the method presented in reference 2. This method, programed as
part of the program printout module, accommodates both the geometry of
approach and departure and the effects of planetary oblateness. The basic
approach is to choose the orbital eccentricity and inclination so that
the resultant nodal and apsidal notions will shift the original orbit
into proper alinement for departure on the intended date. The program
determines all parking orbit configurations which match the arrival and
departure trajectories at Mars. The output consists of the orbital ele-
ments of the parking orbit, the approach and departure hyperbolas, and
the spacecraft vector AV's. The orbital elements are calculated for an
epoch corresponding to the time of periapsis passage on the approach
hyperbola., They are specified in a non-rotating, Mars-centered, rectan-
gulari Cartesian coordinate system. The XY plane of this system is de-
fined by the Mars equator.. The positive Z-axis points north along the
Mars spin axis. The positive X-axis is defined by the intersection of
the pilanstary orbit and equatorial planes and corresponds to the descend-
ing node of the planetary orbit on the equatorial plane. The positive
Y-axis. is 90° east of X and completes a right-handed system. The trans-
formation equations for this system are presented in reference .

4.0 RESULTS

4.1 The Earth Departure Windows

Mars stopover/Venus swingby mission plans were generated for orbital
staytimes at Mars of 20 days, 30 days, 40 days, 60 days, and 80 days. The
basic mission velocity requirements are presented for these missions in
figure 2, The AV's shown in these figures are scalar differences as
computed from conic trajectories. The injection AV is the impulsive AV
required to escape a 262-n. mi. altitude circular parking orbit at earth.
The total AV is the sum of the injection AV and the impulsive velocities
required for capture and escape at Mars. The spacecraft parking orbit
is assumed to be elliptical with a 200-n. mi. altitude periapsis and




a 10 000~n. mi. altitude apoapsis. There is no AV required at Venus.
Because a free flyby of Venus is desired, the periapsis velocities of
the Venus approach and departure trajectories are matched to within a

+10-fps tolerance. The trans-Mars injection velocity requirements are
presented in more detail in reference 5.

4,2 The Spacecraft Velocity Requirements

The spacecraft velocity requirements are presented in figure 3, The
Mars capture AV is called MOI (Mars orbit insertion); the escape AV is
called TEI (transearth injection). Two curves are shown for each AV. The
scalar AV's are repeated from figure 2 and the MOI and TEI AV's are re-
plotted. The vector AV's are shown for an elliptical parking orbit which
has its orbital elements selected so that it will shift into proper aline-
ment for departure on the intended date. The spacecraft AV maneuvers
for capture and escape are coplanar and occur at periapsis of the parking
orbit. The AV's for this type parking orbit are generally higher than
the scalar value because the apoapsis altitude must be lowered to force
the parking orbit into proper alinement.

For the 80-day stay mission, this method yields AV's which are from
5 percent to 6 percent above the minimum scalar values. As the staytime
is shortened, the percentage increase in AV costs for this technique
become greater, reaching 50 percent for the 20-day stay.

- The minimum sum AV mission flight times are shown in table I. The
velocity requirements for these missions are shown in table II. The
orbital elements of the parking orbit at Mars and the vector AV's are
shown in table III. The Venus flyby mission parameters are shown in
table IV.
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Figure 2. - Mission velocity requirements,
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Figure 2.- Continued.
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Figure 2.~ Continued,
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Figure 2.- Continued,
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